The cloning of the B. pertussis toxin gene presented a unique opportunity to look for specific homologies in the genomes of B. bronchiseptica and B. parapertussis. When pertussis toxin gene fragments were hybridized with B. bronchiseptica and B. parapertussis DNA, a high degree of homology was detected. This suggests that although these species are considered to be deficient in toxin activity, they apparently harbored the genes encoding the toxin. A survey of B. bronchiseptica and B. parapertussis strains was therefore undertaken to ascertain the occurrence of the gene and the extent of homology in a number of strains.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . All strains were provided by Leonard Mayer (Centers for Disease Control, Atlanta, Ga.), except for B. bronchiseptica 7668 and 899L and B. pertussis 3779, which were provided by John Munoz (Rocky Mountain Laboratories). Bacteria were inoculated from frozen stocks onto Bordet-Gengou agar supplemented with 15% defibrinolated horse blood and cultivated at 37°C. For isolation of DNA, strains were inoculated from Bordet-Gengou plates to Stainer-Scholte liquid cultures and incubated at 37°C with agitation at 250 rpm.
Enzymes and DNA fragment isolation. Enzymes used in this study were obtained from Bethesda Research Laboratories, and digests were performed according to the instructions of the suppliers. A 4.5-kb cloned fragment of B. pertussis DNA containing the toxin gene was excised from plasmid pPTX42 (14, 15) by digestion with EcoRI and BamHI and isolated by 0.8% low-melting-point agarose gel electrophoresis followed by purification on Elutip-d columns (Schleicher & Schuell, Inc.). Four fragments generated by PstI digestion of the 4.5-kb insert were isolated by the same Colony hybridizations. Genomic DNA was extracted according to the procedure of Hull et al. (8) . Bordet-Gengou plates were overlaid with a colony/plaque screen hybridization transfer membrane (New England Nuclear), individual colonies were transferred to the membrane with a toothpick, and the plates incubated overnight at 37°C. Each disc was hybridized according to the instructions of the manufacturers except that herring sperm DNA (Sigma Chemical Co.) was substituted for salmon sperm DNA. Filters were probed with the nick-translated labeled 4.5-kb PstI fragment (about 1 ,uCi/ml). The dried filters were exposed to Kodak X-ray film with a Lightning-Plus (Du Pont Cronex) intensifying screen.
Southern blot analyses. Approximately 540 ng of genomic DNA from each strain was digested with PstI, loaded onto a.
b.
1% (wt/vol) agarose gels, and electrophoresed at 26 V for 15 h. DNA from the gels was transferred to nitrocellulose filters and hybridized (14) to the nick-translated probes as follows. Filters were prehybridized at 680C for 4 h in 6x sodium chloride-sodium phosphate-EDTA buffer (SSPE [17] ) 0.5% (wt/vol) sodium dodecyl sulfate (SDS), 5 x modified Denhardt (all concentrations given are vol/vol: 0.1% Ficoll 400, 0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone, and 0.3 x SSPE), and 100 ,ug of herring sperm DNA per ml. The hybridization buffer was the same as the prehybridization buffer, except EDTA was added to a final concentration of 10 mM. Nick-translated probes were hybridized at a concentration of about 1 ,uCi/ml for 48 h at 68°C. Filters were then washed in 2x SSPE and 0.5% (wt/vol) SDS at room temperature for 5 min and then in 2 x SSPE and 0.1% (wt/vol) SDS at room temperature for 15 min, and finally in 0.1 x SSPE and 0.5% (wt/vol) SDS at 68°C for 2 h. The washed filters were air dried and exposed to X-ray film with an intensifying screen.
Monoclonal antibodies and Western blots. Monoclonal antibodies were isolated as described elsewhere (K. S. Marchitto, J. J. Munoz, and J. M. Keith, manuscript submitted). Western blots were performed by a modification of the methods of Towbin et al. (25) and Burnette (1) as described by Marchitto et al. (18) . RESULTS A 4.5-kb fragment of B. pertussis DNA, encoding the pertussis toxin gene sequence ( Fig. 1 ) was labeled by nick translation and used to probe colonies of B. bronchiseptica, B. parapertussis, and B. pertussis. The probe hybridized to all B. pertussis and B. parapertussis strains, and five of the seven B. bronchiseptica strains (data not shown). The results suggest that strains of B. bronchiseptica and B. parapertussis, previously thought to be deficient in pertussis toxin, possess at least a portion of the pertussis toxin gene sequence.
To further assess this apparent homology, DNA from several strains of each of the three species was digested completely with PstI, subjected to electrophoresis, blotted onto nitrocellulose, and probed with the same labeled 4. (Fig. 1) which hybridize with the 4.5-kb insert (14) . Four of the PstI sites are shown in Fig.  1 ; a fifth site lies 0.8 kb downstream from the BamHI site and generates the second 1.5-kb piece.
When the B. parapertussis DNA was digested with PstI, the hybridization patterns of all five strains were identical to those of B. pertussis strains 3779 and 9797 ( Fig. 2A) .
Hybridization of the 4.5-kb fragment with PstI-digested DNA of B. bronchiseptica yielded different patterns (Fig.  2B) . Strains 19395, K1020, and 5376 produced a pattern similar to that of the B. pertussis and B. parapertussis strains. Strains K1011 and 4617 apparently lacked a restriction site, as suggested by the disappearance of the 1.0-kb band and the presence of a new 2.5-kb band. This is consistent with the absence of a PstI site in the region analogous to that lying between the 1.0-and 0.7-kb fragments of the original cloned 4.5-kb insert (Fig. 1) . Two of the B. bronchiseptica strains, 7668 (Fig. 2B) and 899L (not shown), had no detectable sequences homologous with the 4.5-kb piece of DNA.
The initially observed hybridization patterns were further assessed by first digesting the 4.5-kb fragment completely with PstI to yield four pieces of sizes 1.5, 1.3, 1.0, and 0.7 kb (Fig. 1) , and then by using the labeled fragments to probe Southern blots with B. bronchiseptica DNA from each of the strains above (Fig. 3) . It should be noted that incomplete purification of the fragments may have resulted in the observation of background reactions in the blots. As expected, hybridization was not observed in any of the experiments with strains 899L and 7668 (Figs. 2 and 3) . The 1.5-kb PstI fragment A and 1.3-kb fragment B hybridized with the corresponding PstI fragments in five of the seven strains of B. bronchiseptica tested (Fig. 3A and 3B) . each hybridized with the respective 1.0-and 1.5-kb pieces in B. bronchiseptica 19395, K1020, and 5376 and B. pertussis 3779. The two PstI fragments hybridized with the 2.5-kb band in strains K1011 and 4617, although the bands were somewhat faint in some cases. This result confirmed that the PstI site located between fragments C and D of the 4.5-kb pertussis toxin gene was absent in these strains.
The highly stringent reaction conditions used in these studies required that at least 75% homology must be present between the pertussis toxin genes and the B. bronchiseptica and B. parapertussis DNA sequences for hybridization to occur (19) . It is possible that toxin subunits were made but in an inactive form. Attempts to detect toxin subunits in Western blotting procedures with polyclonal antisera were difficult to interpret because of the presence of highly reactive background material in cellular preparations. Monoclonal antibodies specific for subunits Si and S2 were also used to test these strains (data not shown). There was no detectable reaction when solubilized whole-cell material or culture supernatants from several B. bronchiseptica and B. parapertussis strains were probed. Subunits S1 and S2 were detected in cellular material and culture supernatants from B. pertussis 3779.
Preliminary studies with Northern hybridizations by using purified RNA from each of the strains in this study suggested that only B. pertussis RNA was capable of hybridizing with the labeled 4.5-kb pertussis toxin gene probe (data not shown). The Northern hybridization studies were inconclusive, however, because of problems encountered in the isolation of stable mRNA species.
DISCUSSION
We demonstrated the presence of pertussis toxin gene sequences in several strains of B. bronchiseptica and B. parapertussis. Most of the strains of B. bronchiseptica and B. parapertussis contained DNA that hybridized with genetic probes derived from the cloned (14, 15) B. pertussis toxin gene.
The evidence presented here indicates that a large portion of the pertussis toxin gene was intact in the strains with homologous sequences. The conditions used for hybridization were highly stringent; at least 75% homology would have been necessary to allow for hybridization (19) to occur.
All six B. parapertussis strains tested had nucleic acid sequences that hybridized with the cloned 4.5-kb B. pertussis DNA fragment. When the B. parapertussis genomic DNA was digested with restriction endonuclease PstI, the pattern of hybridization was identical to that observed with B. pertussis (Fig. 2) . The patterns with the B. bronchiseptica strains were variable. Three strains had patterns identical to B. pertussis, two strains were found that had no regions of homology under the conditions used here, and two others differed in the migration of one band. Close examination of the two B. bronchiseptica strains revealed the absence of a PstI cleavage site in the region analogous to the PstI site found between the 1.0-and 0.7-kb segment of the cloned sequence in Fig. 1 . This area of the B. bronchiseptica genome, outside the structural pertussis toxin gene, is apparently variable among different strains. It is interesting that in most cases the region containing the toxin structural genes was conserved.
The existence of the conserved regions has interesting implications. The less virulent strains of Bordetella are generally considered to be deficient in toxin activity (6, 24) . Several explanations are possible for the lack of detectable toxin in these strains. The toxin gene sequences in B. parapertussis or B. bronchiseptica may be altered or cryptic. Alternatively, the toxin may be synthesized but unable to escape the cell. A third possibility is that an incomplete or altered toxin may be synthesized and secreted but may be biologically inactive in standard tests of pertussis toxin activity.
We were unable to detect pertussis toxin subunits S1 and S2 in the cells and culture supernatants of B. bronchiseptica and B. parapertussis with monoclonal antibodies specific for these peptides. These subunits were, however, detected in B. pertussis 3779. This suggests that if the toxin is made in the less virulent Bordetella species, it must be altered in some way. Even a single amino acid change would be sufficient to alter a specific epitope recognized by a monoclonal antibody probe. These studies are being extended further to include polyclonal antisera and a larger panel of monoclonal antibodies. However, preliminary results with Northern hybridizations suggested that mRNA which hybridized with the toxin gene probe was present only in B. pertussis and not in the other species tested here. Such a result indicates that the toxin genes of B. parapertussis and B. bronchiseptica are not expressed.
It is possible these species arose from a single, common ancestor. Alternatively, the less virulent species of this family are the result of selective pressures on B. pertussis. Kumazawa and Yoshikawa (11) 
